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ABSTRACT 

 Laser desorption postionization mass spectrometry (LDPI-MS) with 8.0 – 12.5 eV 

vacuum ultraviolet synchrotron radiation is used to single photon ionize antibiotics and 

extracellular neutrals that are laser desorbed both neat and from intact bacterial biofilms. Neat 

antibiotics are optimally detected using 10.5 eV LDPI-MS, but can be ionized using 8.0 eV 

radiation, in agreement with prior work using 7.87 eV LDPI-MS. Tunable vacuum ultraviolet 

radiation also postionizes laser desorbed neutrals of antibiotics and extracellular material from 

within intact bacterial biofilms. Different extracellular material is observed by LDPI-MS in 

response to rifampicin or trimethoprim antibiotic treatment. Once again, 10.5 eV LDPI-MS 

displays the optimum trade-off between improved sensitivity and minimum fragmentation. 

Higher energy photons at 12.5 eV produce significant parent ion signal, but fragment intensity 

and other low mass ions are also enhanced. No matrix is added to enhance desorption, which is 

performed at peak power densities insufficient to directly produce ions, thus allowing 

observation of true VUV postionization mass spectra of antibiotic treated biofilms.  

*Corresponding author, email: lhanley@uic.edu 
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I. INTRODUCTION 

Staphylococcus epidermidis is a bacteria capable of forming biofilms that are a major 

cause of infection in surgical implants.1 Bacterial biofilms of S. epidermidis and other microbes 

are generally resistant to antibiotic therapies, making their treatment a major concern in hospitals 

and outpatient settings.2 Antibiotic resistance may derive from the extracellular polymeric 

substance, composed of polysaccharides, nucleic acids, and other species produced by the 

microbes, or from the fortified cell walls of S. epidermidis and similar gram positive microbes.3 

Studies of biofilm antimicrobial resistance would benefit from new methods in mass 

spectrometric (MS) imaging that probe the intact biofilm and allow characterization of relevant 

components of the extracellular environment. Secondary ion mass spectrometry (SIMS) has been 

applied to biofilms4 and bacteria.5,6 Other methods in imaging MS also show promise for such 

analyses,7 including matrix assisted laser desorption ionization MS of bacterial colonies grown 

on agar.6 

Laser desorption postionization mass spectrometry (LDPI-MS) is one method being 

investigated for analysis of intact bacterial biofilms.8,9 LDPI-MS employs single photon 

ionization (SPI) with vacuum ultraviolet (VUV) radiation to effectively ionize gaseous neutrals. 

SPI is typically performed near the ionization threshold, where irradiating VUV photon energies 

are within a few eV of analyte ionization energies, minimizing excess energy within the parent 

ion that can otherwise lead to dissociation. The SPI mechanism and other issues were discussed 

previously along with other fundamental aspects of both VUV SPI and LDPI-MS.8,9 By 

decoupling desorption and ionization, LDPI-MS minimizes the fluctuation in ionization 

efficiency with analyte which affects other imaging methods.10 Other postionization strategies 
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have also been applied with success to both imaging MS experiments that utilize either primary 

ion or infrared laser desorption.11-14 

Prior work with 7.87 eV VUV photons showed that LDPI-MS is a sensitive analytical 

tool to selectively probe analytes within intact bacterial biofilms. 7.87 eV LDPI-MS detected and 

imaged a concentration gradient of rifampicin in a S. epidermidis biofilm and several other 

antibiotics.9,15 Quorum sensing peptides in Bacillus subtilis have also been detected by 7.87 eV 

LDPI-MS.16 The use of 7.87 eV VUV photons in LDPI-MS is straightforward since they are 

produced by robust, commercially available excimer laser sources.8 However, the dearth of 

intense, pulsed, commercially available VUV sources for higher photon energies necessitates the 

use of synchrotron radiation for thorough evaluation of the application of SPI-MS to imaging 

strategies. Prior work has also shown the capability of tunable VUV synchrotron radiation to 

detect sputtered neutrals for imaging mass spectrometry.17,18 This paper demonstrates the use of 

tunable 8.0 to 12.5 eV photon energies with LDPI-MS to detect antibiotics both neat and doped 

into drip flow grown biofilms. The photon energy tunability available with synchrotron sources 

allows for the determination of the most sensitive photon energy for antibiotic detection. This 

approach also permits characterization of extracellular substances within intact bacterial 

biofilms, including those formed in response to antibiotic treatment. 

 

II. EXPERIMENTAL 

A. MS Instrumentation. Studies were performed with a modified commercial secondary 

ion mass spectrometer (TOF.SIMS 5, ION TOF Inc., Münster, Germany) coupled to a desorption 

laser (Explorer, Newport, Nd-YLF 349 nm) and synchrotron VUV radiation at the Chemical 

Dynamics Beamline, Advanced Light Source, Lawrence Berkeley National Laboratory.19 The 
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experimental configuration is shown schematically in Figure 1 and was described previously17 

except for the coupling of the desorption laser. Variation in the undulator gap on the beamline 

allowed tuning of the VUV photon energy from 8.0 to 12.5 eV photon energy with a spectral 

bandwidth of 0.22 eV.19 An argon gas filter was used to remove higher energy harmonics. The 

VUV beam was focused by beamline optics to a 280 µm vertical × 490 µm horizontal waist, 

which was aligned so that the beam barely grazed the sample. The extraction cone of the mass 

spectrometer was 1.5 mm above the sample surface.17  

 

Figure 1. Schematic of TOF-SIMS instrument adapted for laser desorption 
postionization (LDPI-MS). Includes added Nd-YLF desorption laser, vacuum 
ultraviolet synchrotron radiation, and extraction pulse timing scheme. 

The Nd-YLF desorption laser was operated at a repetition rate of 2500 Hz and focused to 

a ~300 µm spot diameter. The sample stage was fixed with respect to desorption laser spot 

during data acquisition. The <5 ns pulse delivered peak power densities of 2 - 10 MW/cm2 when 

operated in the range of 6 – 34 µJ/pulse. Desorbed neutrals were photoionized by the quasi-

continuous synchrotron radiation, and were extracted by a 5 µs long ion extraction pulse 

beginning 1.2 – 1.4 µs after the desorption laser. Mass resolution of the instrument in the laser 
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desorption postionization mode was measured as ~1000 for a sample of 2,5-dibromotyrosine on 

a gold substrate, but spectra on biofilms are broader due to charging effects. All displayed 

spectra are the sum of 143,000 laser shots during sample analysis which occurred in 57 seconds.  

B. Sample and Biofilm Preparation. Calibrants and neat antibiotics (Sigma-Aldrich, 

Milwaukee, WI, USA) were deposited on indium tin oxide (ITO) coated glass microscope slides 

(Sigma-Aldrich). Colony biofilms were prepared from stock solutions of Staphylococcus 

epidermidis (ATCC 35984, Manassas, VA, USA).15 Drip flow biofilms were grown on ITO glass 

by methods previously described.20 Flow cells were inoculated with 1 mL bacterial culture 

containing ~1×108 colony forming units (CFU) per mL. An additional 10 mL of tryptic soy broth 

(TSB) for nutrient supply was provided for 12 hours of static growth. Growth for an additional 

12 hours occurred under a flow of 3.6 mL/hour of full strength TSB with the flow cell apparatus 

tilted at a 10° incline. Antibiotics were introduced into the biofilms during a final hour of static 

growth, during which 50 µL of antibiotic was administered to each sample with a final 

concentration from 0.1 to 1.0 mM in acetonitrile (as noted below). Each biofilm-substrate was 

removed from the drip flow cell and dried for 12 hours before analysis. Control biofilms were 

prepared in the same fashion as the above samples, but without antibiotic doping.  

C. MS Data Collection. Mass calibration was performed with sexithiophene (mol. wt. 

494 Da, Sigma-Aldrich) and [6,6] diphenyl C62 bis(butyric acid methyl ester) (mol. wt. 1100 Da, 

Sigma-Aldrich). Each sample was scanned for direct ionization by laser desorption (LD, no 

VUV) and synchrotron background (SB, no LD). Relative photon flux curves were obtained 

from 8.0 to 12.5 eV and used to correct the ion intensity at each photon energy. At least three 

replicates were run of each sample. Major spectral peaks were compared to chemical structures 

obtained from commercial fragmentation analysis software (ACD/MS Fragmenter, Advanced 
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Chemistry Development Inc., Toronto, Ont., Canada) to assist elucidation of fragmentation 

pathways of the antibiotics. 

 

 

Figure 2. Laser desorption postionization mass spectrometry (LDPI-MS) of neat 
rifampicin at photon energies of 8.0 – 12.5 eV (indicated on each spectrum). Also 
shown are (LD) direct ionization by laser desorption without vacuum ultraviolet 
(VUV) radiation and (SB) synchrotron background at 12.5 eV photon energy (no 
LD). Ion signal is shown after correction for photon flux variation with photon 
energy. Asterisks indicate known rifampicin fragments. Spectra here and below 
are artificially offset to avoid peak overlap. 

III. RESULTS AND DISCUSSION 

A. Detection of Neat Antibiotics. Figure 2 displays the laser desorption postionization 

mass spectra (LDPI-MS) of neat rifampicin adsorbed on ITO glass, recorded at VUV photon 

energies of 8.0, 9.0, 10.5, and 12.5 eV. Each spectrum is a plot of m/z versus ion signal corrected 

for photon flux variation with photon energy. The parent ion of rifampicin appears at m/z 823 

and is observed at all photon energies, albeit at different intensities. All photon energies ≥8.0 eV 

are sensitive to this antibiotic, with the best signal to noise ratio occurring at 10.5 eV. Prior work 

found that the rifampicin parent ion was a radical cation.8 The enhanced ion signal at 9.0 eV vs. 
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10.5 eV presented in Figure 2 was not reproduced in replicate samples and probably resulted 

from spot-to-spot fluctuation in laser desorption efficiency. 

Figure 2 also displays several fragments of rifampicin including m/z 99, 298, and 791 

(indicated by asterisks) which correspond to a methylated piperazine fragment, naphthalene core, 

and methyl-ether fragment loss, respectively. Another dominant fragment, m/z 84, likely forms 

via methyl loss from the m/z 99 fragment ion. The m/z 284 fragment also appears to result from 

rifampicin. Antibiotic fragmentation pathways will be discussed in a separate publication. 

Spectral complexity from m/z 100 to 400 increases with increasing photon energy. Ions 

below m/z 200 are especially predominant for 12.5 eV LDPI-MS due to both increased 

ionization and fragmentation of parent ions. Ionization of more chemical constituents occurs as 

the higher photon energies exceeds the ionization energies of a larger group of species. These 

additional species undergoing ionization at higher photon energies include water, adventitious 

hydrocarbons adsorbed from vacuum, and possibly neutral fragments of rifampicin that are 

photodissociated by the desorption laser. Dissociative photoionization of parent ions also occurs 

due to excess internal energy imparted by the higher photon energy.8,9 

Also shown in Figure 2 are the 12.5 eV synchrotron background (SB) without laser 

desorption (LD) and LD without any VUV postionization: neither of these control spectra show 

significant signal contributions. There is a very slight synchrotron background (SB) signal 

observed as a result of the beam grazing the sample surface and/or labile species subliming into 

the path of the synchrotron beam. For this reason, only the highest photon energy synchrotron 

background is shown, as this contribution is always larger than that observed at the lower photon 

energies. 
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Similar results are observed for the LDPI-MS of neat trimethoprim which displays an 

intact parent cation at m/z 290, as shown in Figure 3. Trimethoprim fragments to form [M-NH2]+ 

fragment due to loss of amine at m/z 274 and [M-CH3O]+ at m/z 259 due to loss of ethanol. 

Other dominant, but unidentified trimethoprim-derived peaks are observed at m/z 242 and 284. 

The few peaks observed in the synchrotron background in Figure 3 may indicate an artifact 

resulting from the synchrotron beam grazing the sample surface, as discussed earlier. Ion 

formation from VUV radiation grazing the sample surface was previously observed on this 

instrument when measuring organic surfaces. 

Another spectral feature in the trimethoprim LDPI-MS of Figure 3 is an elevated baseline 

that appears as a step function following each peak in the mass spectra. This baseline step 

function results from the continuous ionization of slowly desorbing neutrals by the quasi-

continuous wave VUV radiation. Shortening the extraction pulse is effective in reducing or 

eliminating this baseline, albeit at the expense of reduced sensitivity for higher m/z ions. 

 

Figure 3. 8.0 – 10.5 eV LDPI-MS of neat trimethoprim. Includes (LD) direct 
ionization by laser desorption and (SB) synchrotron background at 10.5 eV. 
Known trimethoprim fragments indicated by asterisks.  
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Any VUV radiation incident on metal electrodes in the ion extraction region produce 

photoelectrons that will be accelerated by electrostatic fields and potentially lead to electron 

ionization.21 Some of this contribution could arise as the SB signal discussed earlier, but 

photoelectron induced electron ionization appears minimal compared to the true photoionization 

signal.  

B. Analysis of Biofilms Treated with Rifampicin Antibiotic. Figure 4 displays 8.0 – 

12.5 eV LDPI-MS of drip flow biofilms grown on ITO glass and doped with 120 µM rifampicin. 

The parent ion of rifampicin appears at m/z 823 for 9.0, 10.5, and 12.5 eV photon energies, but is 

buried in the baseline at 8.0 eV. Lower intensity fragments observed in neat rifampicin, such as 

m/z 791, are buried in the baseline but the m/z 84 and 284 rifampicin fragment peaks remain 

visible. These mass ions are also observed from 7.87 eV LDPI-MS of biofilms and are thought to 

result from the desorption and ionization of a variety of low mass species.8,9,15,16 The higher peak 

intensities below m/z 200 at 12.5 eV photon energies is attributed to a loss of selective ionization 

and fragmentation, as discussed above for neat rifampicin. 

A novel observation is that the rifampicin-treated biofilm spectra shown in Figure 4 

display a polymeric series of peaks from ~m/z 1000 to 1800, with a consistent 74 Da mass 

separation. These polymeric peaks are observed at all photon energies, however the 10.5 eV 

LDPI-MS displays the best signal to noise ratio. The m/z values of the polymeric peaks do not 

vary with photon energy and while the low and high mass limits vary somewhat, they appear 

near m/z 1000 and 1800, respectively. No definitive identification of these polymeric peaks can 

be made with the current instrumentation, which like most imaging mass spectrometers, lacks 

exact mass and tandem mass spectrometric capabilities. However, by examining the literature 
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and based upon the peak spacing of ~74 Da that is always observed in the polymeric distribution, 

a tentative assignment can be made to peptidoglycans from the antibiotic-degraded cell wall. 

 

Figure 4. 8.0 – 12.5 eV LDPI-MS of 120 µM rifampicin-treated biofilm. Includes 
(LD) direct ionization by laser desorption and (SB) synchrotron background at 
12.5 eV. 

The cell wall is made up of an approximately 50 nm thick peptidoglycan layer alternating 

units of N-acetylmuramic acid and N-acetylglucosamine linked by β-1,4-glycosidic bonds 

forming these glycan chains and crossed-linked by pentaglycine.22 It is proposed that rifampicin 

lyses the cells leading to the release of peptidoglycan cell wall fragments with multiple strings of 

pentaglycine, which gives rise to the m/z 1000 – 1800 polymeric series of 5 to 15 peaks 

separated by ~74 Da observed in this work. The primary mode of action of rifampicin is 

inhibition of DNA and RNA synthesis.22 However, rifampicin has also been shown to effectively 

penetrate the thick extracellular polymeric substance that S. epidermidis microbes exude to 

anchor the biofilm.23 Furthermore, rifampicin deforms and/or lyses S. epidermidis cells in 

biofilms.24,25 Both processes are expected to result from cell wall degradation. Lysostaphin is an 

antimicrobial known to cleave the peptidoglycan crosslinking pentaglycine bridges of 

Staphylococcus aureus, thereby hydrolyzing the cell wall and lysing the bacteria.26 Rifampicin 
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and lysostaphin displayed a similar ability to deform and/or lyse S. epiderimidis biofilms.25 

Peptidoglycan fragments can be formed by autolysis or lysis of bacteria brought upon by specific 

antimicrobials.27 It follows that rifampicin might also cleave the pentaglycine bridges of the 

peptidoglycan cell wall of S. epidermidis, leading to the polymeric peak distribution observed 

here. The acetonitrile solvent used to dissolve the antibiotics can also contribute to cell lysis, but 

any such effect would have to be synergistic with that of rifampicin to play a role here.28 

Several other assignments for the polymeric peak distribution are considered and 

excluded here. The polymeric series does not appear to result from adducts with rifampicin. 

Neither teichoic acid nor polysaccharides possess the required string of adjacent monomers to 

produce the ~74 Da mass separation between peaks.29 Inorganic species that could induce such a 

mass separation30 are also ruled out. First, the peak widths do not increase in width as would be 

expected with the addition of multiple KCl adducts due to the 35Cl and 37Cl isotopes. Second, 

adduction with Si(CH3)O from silicone in laboratory containers is ruled out by the appearance of 

the polymeric series only in the presence of rifampicin. Nevertheless, the assignment of the 

polymeric distribution to peptidoglycans is tentative and further work is underway to 

characterize the observed species by other methods. Two unidentified peaks at m/z 521 and 662 

also appear in Figure 4, and are discussed in the next section. 

Synchrotron background contribution becomes more apparent at 12.5 eV photon energies 

in the rifampicin treated biofilm spectrum of Figure 4, especially compared to that of the neat 

rifampicin spectrum of Figure 2. The greater noise level in the synchrotron background in the 

former is likely due to the photoionization of volatile species subliming from the biofilm. Laser 

desorption without any VUV again showed no significant ionization. 
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Figure 5. 8.0 and 10.5 eV LDPI-MS of 1.0 mM trimethoprim-treated biofilm. 
Includes direct ionization by laser desorption (LD) and synchrotron background at 
10.5 eV (SB). Asterisks indicate known fragments.  

C. LDPI-MS Comparison of Biofilms with and without Antibiotic Treatment. Figure 

5 displays LDPI-MS of a biofilm treated with 1.0 mM trimethoprim recorded at VUV photon 

energies of 8.0 and 10.5 eV. This trimethoprim-treated biofilm shows an eightfold enhancement 

of parent ion at m/z 290 when the photon energy is increased from 8.0 to 10.5 eV. Identifiable 

trimethoprim fragments observed from the biofilm include m/z 259 and 275, corresponding to 

losses of methylamide and methyl groups, respectively. 

Figure 6 compares the 10.5 eV LDPI-MS of a trimethoprim-treated biofilm, a rifampicin-

treated biofilm, and a control biofilm prepared without any antibiotic treatment. Neither the 

control biofilm without any antibiotic nor the trimethoprim-treated biofilm displayed the 

polymeric series of peaks observed above m/z 1000 in the presence of rifampicin (see prior 

section). Trimethoprim’s antibiotic activity results from its ability to inhibit metabolism of folic 

acid, which leads to disruption of DNA replication and cessation of cell growth.22 Thus, the 
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release of peptidoglycans postulated above to explain the rifampicin-induced polymeric peak 

distribution is not expected for trimethoprim. 

Two unidentified peaks at m/z 521 and 662 appear in Figures 4 and 6 only in the 

presence of rifampicin in the biofilm, and these peaks are visible at all photon energies from 8 to 

12.5 eV. However, these two peaks are not seen either in the trimethoprim-treated biofilm or the 

control biofilm at any photon energy. The prominence of these peaks in the presence of 

rifampicin implies they represent a specific induced response by the biofilm to rifampicin.  

 

Figure 6. 10.5 eV LDPI-MS of 1.0 mM trimethoprim-treated biofilm, 120 µM 
rifampicin-treated biofilm, and biofilm control prepared without any antibiotic 
treatment.  

The 10.5 eV LDPI-MS of the control biofilm shown in Figure 6 (bottom) displays the 

presence of unidentified cellular material with a dominant peak at m/z 313. Figure 7 displays 8.0 

– 12.5 eV LDPI-MS of the biofilm control prepared without any antibiotic treatment on ITO 

glass. The m/z 313 peak, the adjacent peak at m/z 340, and several others are observed even at 

9.0 eV (see inset of Figure 7) and could derive from fragments of phospholipids.31 Increasing the 

photon energy to 10.5 and 12.5 eV leads to an increase in the intensity of peaks in this region, 
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some potentially due to the detection of additional, as yet unidentified species. These peaks are 

not visible in either of the antibiotic doped biofilm spectra.  
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Figure 7. 8.0 – 12.5 eV LDPI-MS of control doped drip flow biofilm (no 
antibiotic). Includes direct ionization by laser desorption (LD, no VUV) and (SB) 
synchrotron background at 12.5 eV (no LD). Inset displays expanded m/z 250 – 
350 region of 9.0 eV LDPI-MS, with m/z 313 peak truncated. 

Abundant peaks are also observed in the biofilm control spectra below m/z 200, and these 

are most pronounced with 12.5 eV LDPI-MS. Similar low mass peak distributions are observed 

in neat rifampicin, rifampicin doped biofilm, and the trimethoprim doped biofilm. At 12.5 eV 

photon energies, ≥3.5 eV of excess energy is available to the parent ion to enhance dissociation. 

Thus, the increased number of peaks below m/z 200 can be attributed to enhanced parent ion 

dissociation as well as detection of intact high ionization energy species.  
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D. Laser Desorption Effects. All spectra presented here are the sum of 143,000 

individual mass spectra recorded from a single ~300 µm diameter spot on the sample. Concern 

regarding the potential exhaustion of analyte signal during such extended laser desorption led to 

collection of data presented in Figure 8, which displays the signal decay of two important peaks 

from the 10.5 eV LDPI-MS of a rifampicin-treated biofilm. The rifampicin parent peak (m/z 

823) signal decays to 1/e of its original value within 8200 laser shots or ~3.3 seconds. An 

abundant polymeric series peak at m/z 1389 is also monitored in Figure 8 and displays a decay 

that is 75% longer than that of m/z 823. Approximately half of the total ion signal is accumulated 

within 3.3 seconds and ~90% of all ion signal is collected within 22 seconds. However, running 

the data collection for the full ~57 seconds slightly improves the signal to noise and compensates 

for different decay times between different ions. Examination of the spectra accumulated on a 

single spot for various time periods does not show any dramatic changes in the relative peak 

intensities.  

 

Figure 8. Normalized ion signal decay curves from rifampicin doped biofilm with 
10.5 eV LDPI-MS for (top curve) the polymeric peak which appears at m/z 1389 
and (bottom curve) the rifampicin parent ion peak which appears at m/z 823. 
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A complete study of sensitivity was not performed, but a rough estimate of limit of 

detection  can be made. 50 µL of rifampicin doped onto the biofilm at 120 µM concentration 

deposits 6 nmoles of analyte onto the 1 cm2 ITO substrate. Under the current parameters a fixed 

desorption laser spot of 300 µm leaves a maximum of ~4 pmol of analyte available for analysis. 

If it is assumed that the analyte in this area is exhausted during an analysis and 55% of ion 

accumulation is reached at 1/e (see above), then it is possible to detect 2 pmol of analyte at 1/e.  

The relatively defocused, extended laser desorption utilized here is in contrast to the more 

focused laser desorption previously reported for 7.87 eV LDPI-MS of biofilms.9 In the latter, the 

desorption laser was focused into a ~20 µm diameter spot on the sample and exhausted the 

analyte in <102 laser shots. Attempts in this study to increase the desorption efficiency by 

increasing the laser pulse energy only form more pyrolysis type peaks in the mass spectra, as 

typified by ion signal appearing at nearly every mass unit up to ~m/z 500 (data not shown). 

 

IV. CONCLUSIONS 

It has been shown that tunable VUV radiation can postionize laser desorbed neutrals of 

antibiotics and extracellular material from within intact bacterial biofilms. Much prior work has 

focused on the selectivity to species with low ionization energies that is afforded by single 

photon ionization with 7.87 eV photons,8,9,15,16 but the current work shows that higher photon 

energies dramatically improve sensitivity. Within the range of 8.0 – 12.5 eV, photon energies of 

10.5 eV appear to provide the optimal balance between improved sensitivity and minimal 

fragmentation, at least for the biofilm-antibiotic combinations probed here. Furthermore, while 

12.5 eV photons produce significant parent ion signal, signal for fragments and other low mass 

ions are also enhanced at this relatively high photon energy. 
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SIMS and MALDI-MS have been applied to imaging colonies of microbes4,6 and other 

work is underway to compare LDPI-MS to those methods. Nevertheless, the relatively low 

emitted ion/neutral ratios in SIMS and MALDI-MS9 argue for the use of postionization strategies 

to improve sensitivity and subsequent quantification.32 Single photon ionization with VUV 

radiation is one of several postionization strategies under investigation for imaging MS.11-14 An 

evaluation of the relative merits of these methods is required and comparison of LDPI-MS to 

secondary ionization mass spectrometry (SIMS) and secondary neutral mass spectrometry 

(SNMS) is currently underway. However, even a cursory evaluation indicates that different 

direct and postionization strategies often sample different chemical distributions. Furthermore, 

LDPI-MS has been shown to be competitive with other desorption/ionization methods,33 

allowing detection of even high mass peptides.34 The results presented here indicate that VUV 

postionization can contribute new and useful analytical information in imaging MS. This 

conclusion seems especially valid when taking into account the shortcomings of the current 

LDPI-MS configuration necessitated by the use of synchrotron radiation. These shortcomings 

include relatively low VUV intensities and a mismatched duty cycle resulting from combining 

pulsed desorption with continuous wave VUV radiation for single photon ionization. However, 

new, higher photon energy pulsed VUV sources are being developed that should overcome these 

shortcomings in the future.8,9,35,36 

Another point to consider in LDPI-MS is that no matrix addition or other pretreatment is 

required to facilitate successful analysis. However, the current size of the desorption beam is not 

ideal and may contribute to thermal desorption. Nevertheless, even with the large number of 

laser shots on the same sample spot used here, no sample degradation is apparent once the 

desorption laser power is optimized. However, work with 7.87 eV LDPI-MS8,9,15 indicates that 
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higher pulse energies focused into smaller spots might prove advantageous by inducing a more 

ablative desorption event closer to that known to occur in matrix-assisted laser desorption 

ionization.37 Future improvements in focusing capabilities of the laser desorption apparatus at the 

synchrotron and rastering the sample stage for imaging mass spectrometry should provide a 

capability comparable to lab based sources. Furthermore, work on infrared laser desorption 

coupled with postionization of animal tissue13 and femtosecond ablation of biofilms38 imply that 

either matrix addition or other laser desorption schemes should be investigated to complement 

the techniques described here. 

Several peaks are observed in the biofilm mass spectra presented here that remain 

unidentified, but their detection shows great potential for new discovery.6 The polymeric peaks 

tentatively assigned as peptidoglycan fragments can function as signaling molecules in cell–cell 

communication,27 as virulence factors,27 and can aid in biofilm formation.39 This potential ability 

to detect peptidoglycans within intact bacterial biofilms by LDPI-MS would be a useful new 

strategy for probing intercellular communication and interspecies interactions within biofilms. 
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